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Bi2Se3 is an ideal three-dimensional topological insulator in which the chemical potential can be
brought into the bulk band gap with antimony doping. Here, we utilize ultrafast time-resolved tran-
sient reflectivity to characterize the photoexcited carrier decay in Bi2–xSbxSe3 nanoplatelets. We re-
port a substantial slowing of the bulk carrier decay rate in bulk-insulating Bi2–xSbxSe3 nanoplatelets
as compared to n-type bulk-metallic Bi2Se3 at low temperatures, which approaches 0.30 ns
−1 in the
zero pump fluence limit. This long-lived decay is correlated across different fluences and Sb concen-
trations, revealing unique decay dynamics not present in n-type Bi2Se3, namely the slow bimolecular
recombination of bulk carriers.
Three-dimensional topological insulators (3D TIs) are
materials with a nominally insulating bulk and metal-
lic, Dirac-like surface states with spin-momentum-locking
[1–4]. The unique electronic structure of these materials
lends itself to numerous electronic, spintronic, or opto-
electronic applications [5–14]. While the surface states
are often the target of these applications, the properties
of the bulk are also crucial, particularly for phenomena
involving optical excitations which are predominantly ini-
tiated in the bulk. One bulk property that has presented
a challenge is the carrier density. Most 3D TIs are nat-
urally n-type, with the chemical potential in the bulk
conduction band due to Se vacancies that form during
the growth process. However, many utilizations of the
surface states require having the chemical potential in-
side the band gap to limit signal from the bulk states,
and this is usually achieved with chemical substitution.
Much of the previous work on bulk-insulating TIs cen-
ters on compounds based on Bi2Te3 (e.g. Bi2–xSbxTe3,
Bi2–xSbxTe3–ySey), but comparatively fewer studies ex-
ist on bulk-insulating TIs based on Bi2Se3, such as
Bi2–xSbxSe3 [15]. Bi2Se3 has a larger band gap, more
isotropic surface states with a more ideal spin-texture,
and a Dirac point that is well separated in energy from
the bulk valence band [4, 16–19] and these differences
sometimes manifest phenomena uniquely or more ro-
bustly than in Bi2Se3-based materials [14, 20]. These
differences in band structure can also be expected to re-
sult in different bulk dynamics of optically excited carri-
ers, which heretofore have not been characterized in bulk
insulating Bi2Se3-based TIs.
In this Letter we report dramatically enhanced pho-
toexcitation lifetimes in Bi2–xSbxSe3 nanoplatelets. This
increased lifetime only exists in bulk-insulating samples
and exhibits fluence, temperature, and Sb-doping depen-
dence distinct from the behavior in bulk-metallic Bi2Se3.
The fluence-dependent decay rate is consistent with bi-
molecular recombination of electron-hole pairs in the TI
bulk, and connections to recently reported evidence of
exciton condensation are discussed.
Time-resolved transient reflectivity is a pump-probe
technique that is agile in the variety of materials it can
study and the phenomena it is sensitive to. A pump pulse
creates excitations into unoccupied states, and a second
probe pulse measures the transient change in reflectiv-
ity ∆R/R at a time delay tdelay later. The magnitude of
∆R/R can be used as a proxy for the number of nonequi-
librium excitations [21], and its evolution ∆R(tdelay)/R
can reveal the processes by which these photoexcited car-
riers return to equilibrium. This technique has been
successful in studying low-energy excitations (i.e., sub-
excitation frequency) in superconductors [21–24], charge
density wave systems [25], correlated electron systems
[26], and topological quantum materials [27–29].
Pulses are generated using a mode-locked, Ti:Sapphire
oscillator (80 fs pulse duration, 80 MHz rep rate, Epump =
1.55 eV). The deposited energy per unit area, the pump
fluence Φ, is selected with neutral density filters, and
tdelay is controlled by a retroreflector mounted on a me-
chanical delay line in the optical path of the probe. The
pump and probe pulses are then focused to a single spot
at the sample surface with a diameter of d = 40µm.
The probe reflection R is measured by a photodiode, and
the pump-induced ∆R signal is measured with standard
lock-in detection. The pump and probe pulses are cross-
polarized to minimize interference at the sample surface
and to limit pump scatter incident on the photodiode.
Due to the penetration depth of the probe pulses into
Bi2Se3 (α ∼ 24 nm with Ephoton = 1.55 eV) [30], the
probe reflection is integrated over a finite excitation vol-
ume mostly comprised of the bulk, so this experiment
provides information about bulk excitations with minor-
ity contributions from the surface state.
We study Bi2–xSbxSe3 nanoplatelets grown by chem-
ical vapor deposition and Bi2Se3 nanoplatelets synthe-
sized from the same precursors. Typical nanoplatelet di-
mensions are 150×150×0.1 µm3. Sb composition ranges
from x = 0.22−0.34 for the Bi2–xSbxSe3 samples, deter-
mined with energy-dispersive x-ray spectroscopy (EDS).
After synthesis, the nanoplatelets are transferred by
Kapton-tape onto a Si substrate covered with 300 nm-
thick SiO2. No signal from the bare substrate is observed
for the fluences used in this work. All measurements were
performed inside a cryostat (Janis ST-500).
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FIG. 1. Effect of doping on relaxation dynamics at various
fluences for Bi2Se3 (red) and Bi2–xSbxSe3 (blue) samples. (a)
Band diagrams of Bi2Se3 and Bi2–xSbxSe3, with µ denoting
the chemical potential. (b) Example short delay time ∆R/R
traces, normalized to their respective peak values. (c) Longer
delay time traces with the same samples as in panel (b) at
selected pump fluences. The red lines overlaying the blue
traces show linear fits to the decays for (∆R/R)norm > 0.7.
(d) (∆R/R)norm traces for a different Bi2–xSbxSe3 sample
at 7 K (blue) and 296 K (green), with Bi2Se3 at 297 K (red)
shown for comparison.
Fig. 1 shows the normalized transient reflectivity
traces for bulk-metallic Bi2Se3 (red) and bulk-insulating
Bi2–xSbxSe3 nanoplatelets (blue, x = 0.25) at 7 K for
several different fluences. In all traces, tdelay = 0 corre-
sponds to the time the pump and probe pulses are co-
incident. Upon reaching its peak, the Bi2Se3 transient
reflectivity traces decay to equilibrium in τ ∼ 2 ps, consis-
tent with prior transient reflectivity work on bulk Bi2Se3
[27, 29, 31, 32]. In contrast, the Bi2–xSbxSe3 traces in
Fig. 1(c) show much longer-lived excitations with 90% of
the reflectivity surviving near the edge of the measure-
ment window at the lowest fluence (Φ = 2.1 µJ cm−2).
The transient reflectivity of the Bi2–xSbxSe3 samples
has a pronounced fluence dependence, which can be seen
in the data in Fig. 1 by observing the magnitude of
(∆R/R)norm near 250 ps. This characteristic fluence de-
pendence can be used to identify the dominant relaxation
process in the doped samples. Relaxation becomes faster
at higher temperature, but even at room temperature
Bi2–xSbxSe3 shows longer-lived excitations than Bi2Se3
(Fig. 1(d), green).
Fig. 2 quantifies the fluence dependences for
FIG. 2. Fluence dependence at 7 K in Bi2–xSbxSe3 and
Bi2Se3. (a) Decay rates γ for Bi2–xSbxSe3 from linear fits of
(∆R/R)norm vs. time. The dashed line indicates a linear fit to
γ vs. fluence. (b) Decay rates for Bi2Se3 extracted from sin-
gle exponential fits as a function of fluence. (c) Bi2–xSbxSe3
traces at different fluences, overlaid by fits to Eq. (1) (black).
(d) The extracted bimolecular decay rates γeff from the fits
to Eq. (1).
Bi2–xSbxSe3 and Bi2Se3 at 7 K. For Bi2–xSbxSe3 at
lower fluences, we quantify the decay rate using linear
fits to the normalized traces over intervals where the
decay is linear in time (red lines in Fig. 1(c)). The
decay rates γ from these fits are plotted in Fig. 2(a)
as a function of fluence for Bi2–xSbxSe3. This model-
independent fitting shows that the decay of excitations
becomes slower as the number of excitations is reduced,
and suggests a linear relationship between the decay rate
and the number of excitations parameterized by the flu-
ence. This linear relationship is characteristic of a bi-
molecular recombination process. Extrapolating to the
zero fluence limit, the Bi2–xSbxSe3 samples yield a decay
rate of γ(Φ → 0) ∼ 0.30 ns−1, substantially slower than
in metallic Bi2Se3. In contrast, the decay rates, derived
from single-exponential fits, for Bi2Se3 in Fig. 2(b) show
fluence dependence opposite of that of Bi2–xSbxSe3.
Following these model-independent observations, we
now turn to a fitting scheme which specifically assumes
bimolecular recombination (i.e., electron-hole recombi-
nation across the bulk band gap) to describe the decay
dynamics in Bi2–xSbxSe3 [21, 23, 24]. This fitting also
considers the exponential decay of the pump and probe
pulses in the sample, which implies the generation of a
nonuniform ∝ n0e−αz quasiparticle density. This can be
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accounted for with the following function for the tran-
sient reflectivity [21]:
∆R(t)
R
=
∆R(0)
γ
eff
t
[
1− ln
(
1 + γ
eff
t
)
γ
eff
t
]
. (1)
The fitting parameters are ∆R(0) and γ
eff
, the initial
reflectivity change and the effective decay rate for the
bimolecular process. Here, the decay rate is defined as
|γ
eff
| ≡ βn, with a quasiparticle density n and a coef-
ficient for the bimolecular process β. By accounting for
the depth-dependent fluence, we can extend the applica-
bility of the bimolecular recombination model to higher
fluences. These traces and their fits to Eq. (1) are plot-
ted in Fig. 2(c). The extracted rates γ
eff
from the fits
are then plotted in Fig. 2(d), with the slope
d|γeff |
dΦ pro-
portional to the strength of bimolecular recombination.
Fig. 3(a) shows the variation in the ∆R/R traces
as Sb-doping varies among different samples, measured
with the same pump fluence. The samples in this fig-
ure represent different individual nanoplatelets from a
single growth. To quantify the decay times, the traces
are fitted to single exponentials (∆R(tdelay)/R)norm =
Ae−tdelay/τ + B. The time constants from the fits are
plotted in Fig. 3(c) as a function of x, the Sb concen-
tration, determined by EDS. As x increases, the carrier
lifetime increases.
FIG. 3. Doping dependence of relaxation dynamics in
Bi2–xSbxSe3. (a) (∆R/R)norm traces at T = 7 K and Φ =
10 µJ cm−2, with increasing Sb concentration denoted by the
arrow. (b) Corresponding sample images. (c) Extracted time
constants from (∆R(tdelay)/R)norm = Ae
−tdelay/τ +B fits.
We begin by discussing the decay dynamics in bulk-
metallic Bi2Se3. The initial decay of ∆R/R in Bi2Se3
follows the framework of the two-temperature model for
metals, where an out-of-equilibrium population of carri-
ers with temperature Te thermalizes with the lattice with
temperature Tl by coupling to multiple phonon modes
[27, 31–36]. The fast initial bulk carrier decay in Bi2Se3
is consistent with previous transient reflectivity measure-
ments [27, 29, 31, 32] as well with transient THz conduc-
tivity work in thin films [37]. As noted earlier, the rates γ
for Bi2Se3 in Fig. 2(b) follow an opposite fluence depen-
dence ( dγdΦ < 0) to the insulating samples, which under-
lines the importance of tuning the chemical potential for
influencing the materials’ response to optical excitation.
In bulk insulating Bi2–xSbxSe3, as with metallic
Bi2Se3, photoexcitation at tdelay= 0 ps causes electrons
from the bulk to populate states far above EF , but un-
like the n-type system, electrons relax to the edge of the
bulk conduction band which is minimally occupied at low
temperature. This rapid initial 1-5 ps thermalization has
been measured by time-resolved angle-resolved photoe-
mission spectroscopy (trARPES) experiments [36, 38–
40], and thus the optical pump in this experiment has
the effect of an indirect injection of gap-energy excita-
tions. The linear fluence dependence of the decay dy-
namics in doped Bi2–xSbxSe3 which we observe is con-
sistent with a bimolecular recombination, where photoex-
cited electron-hole pairs of density n recombine and fol-
low the simple rate equation: dndt = −βn2, which can
be integrated to yield a decaying quasiparticle density
n(t) = n01+n0βt . The effective decay rate γeff then takes
the form γ ≡ 1n dndt = −βn, where β is the bimolecular co-
efficient. The linear fluence dependence in Fig. 2(a),(d)
is characteristic of bimolecular recombination, indicating
that recombination of electron-hole pairs dominates de-
cay of bulk excitations in Bi2–xSbxSe3. This recombina-
tion is assumed to be radiative and not phonon-assisted
because the band gap of Bi2Se3 (Eg ∼ 0.3 eV) is much
higher than the highest phonon energy (E = 23 meV) in
the material [29, 41].
This fluence dependence has not been reported in
prior transient reflectivity work on metallic or insulating
Bi2Se3 [27–29, 31, 32]. TrARPES studies have reported
long-lived carriers arising from bulk excitations relaxing
through the metallic surface states in 3D TIs [38–40, 42].
While this may be the dominant relaxation mechanism
near the surface, it cannot produce the strong fluence
dependence we observe for Bi2–xSbxSe3. The surface
state has a limited density of states which does not per-
mit faster relaxation when more excitations are created.
Thus, our results highlight a distinct decay mechanism
which needs to be considered for bulk optical excitations.
Additionally, the bulk decay dynamics of Bi2–xSbxSe3
are highly doping-dependent, as illustrated by the traces
in Fig. 3, which may be interpreted either in terms of
a changing free carrier density or doping inhomogeneity.
Sb-doping on the Bi site is isovalent, and thus does not
introduce charge carriers directly. Instead, it results in a
smaller unit cell which is thought to diminish the number
of selenium vacancies in the studied doping range [15, 43].
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FIG. 4. Schematic of photoexcitation and decay processes
for Bi2–xSbxSe3. (a) E = 1.55 eV optical excitation gener-
ates electron-hole pairs in the bulk and surface regions of the
TI. (b) Radiative, bimolecular recombination of electrons and
holes. (c) Carrier migration due to a temperature gradient
∇T and SPV from optical excitation. (d) Bulk carriers filling
the surface Dirac state, forming different chemical potentials
for electrons and holes (left) and allowing excitonic gaps 2∆
to open in the spectrum at the electron and hole chemical
potentials µe, µh (right).
In this doping regime, the free carrier density decreases
monotonically with increasing Sb concentration x [15].
These carriers are primarily thermally excited electrons
in the conduction band, and thus, lower values of x corre-
spond to more recombination opportunities for photoex-
cited holes. Thus, the observed doping dependence is
consistent with a bimolecular recombination model.
Another relevant aspect is possible mesoscale dop-
ing inhomogeneity which has been described in similar
nanoplatelets [44, 45]. In samples closer to the n-type
regime (smaller x), local deviations from the average dop-
ing are more likely to correspond to local metallicity.
As shown earlier, metallic and insulating Bi2Se3 yield
profoundly different decay dynamics, and an increased
number of local metallic domains can promote overall
behavior more like the former. We note some variation
between different growths, which presumably arises from
precursor variability in the CVD synthesis process, and
the sample in Fig. 1 was from a different growth.
A summary of the relaxation and migration processes
in the bulk and surface regions in Bi2–xSbxSe3 is shown
in Fig. 4, combining our present results with that from
the literature. First, we discuss the bulk. Initially, the
pump generates electron-hole pairs in the bulk and sur-
face regions of the material, which can subsequently un-
dergo several processes during the decay to equilibrium.
The first process for bulk carriers is bimolecular recom-
bination across the bulk band gap. Near the band edge,
bulk carriers recombine and release energy radiatively.
The long nanosecond lifetime of this process allows time
for other processes, such as photo-thermoelectric effects
and surface photovoltage (SPV) to assist remaining carri-
ers in migrating towards the surface [14, 46–48]. In both
cases, either a temperature gradient or a photodoping
gradient produces an internal voltage that can sweep car-
riers from the deep bulk towards the surface (Fig. 4(c)).
We note that the decay of SPV itself has the opposite
fluence dependence to our results in Bi2–xSbxSe3 [49].
When carriers ultimately relax, they slowly recombine
and return to equilibrium after tdelay > 3 ns, well outside
our measurement window.
Near the surface, trARPES measurements guide our
interpretation of decay dynamics, which we revisit here
for completeness. Bulk carriers near the surface slowly
relax through the surface state [38–40, 42]. Due to the
Dirac nature of the surface states, a decay bottleneck
is established with a long-lived population of carriers in
the surface state (Fig. 4(d), left). Importantly, this long
decay is only observed at the surfaces of bulk-insulating
samples, such as surface carriers with lifetimes exceeding
400 ps in (Sb1–xBix )2Te3 [39] and in Mg-doped Bi2Se3
[49]. Our transient reflectivity experiments contribute
nuance to this picture by illustrating the behavior of bulk
carriers away from the surface, which are excited at the
same time and can populate the surface state because
they are even more long-lived.
The decay bottleneck near the surface allows electrons
and holes to develop separate chemical potentials µe, µh,
pictured in the left of Fig. 4(d). These different chemi-
cal potentials are relevant to an important prediction in
TIs: exciton formation and condensation [5, 14, 50–56].
Dirac materials, including 3D TIs, are predicted to al-
low the formation of an exciton condensate—a Bardeen-
Cooper-Schrieffer-like ground state of bound electron-
hole pairs—at the TI surface with gating or optical ex-
citation [5, 56]. A spectroscopic signature of this state
is excitonic gaps 2∆ in the surface states at the chemi-
cal potentials µe, µh (Fig. 4(d), right). Bimolecular re-
combination of carriers across these excitonic gaps would
also produce the presently observed fluence dependence,
and ultrafast optics is typically sensitive to recombina-
tion across meV-magnitude gaps with an eV-magnitude
probe [21–26, 57]. However, with an optical penetration
depth of α ∼ 24 nm, it is likely that any such signal would
be dominated by contributions from the bulk.
Finally, a recent study on the same samples as
the present manuscript reported highly non-local,
millimeter-long surface photocurrents in bulk-insulating
Bi2–xSbxSe3 [14], which have been interpreted in terms
of exciton condensation, where excitons in the surface
state form after optical excitation of the bulk. Tuning the
chemical potential into the bulk gap is necessary for ob-
serving long relaxation times in the present manuscript,
as it is for observing signatures of excitonic condensation,
both of which are absent in n-type Bi2Se3 [14]. Photocur-
rent decay lengths in Bi2–xSbxSe3 are maximized at low
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temperature (T < 40 K) and low fluence, precisely the
regime where we observe the longest relaxation times.
Importantly, our long τ > 3 ns lifetime, observed in the
low fluence regime, is incompatible with millimeter-long
diffusive carrier travel, which would imply a carrier mo-
bility of µ > 105 m2/V · s, much higher than the highest
measured values µ ∼ 1 m2/V · s for Bi2Se3 [58, 59].
In summary, our transient reflectivity results show a
three orders-of-magnitude slowing of the carrier decay
rate γ → 0.30 ns−1 in the zero pump-fluence limit in
photoexcited Bi2–xSbxSe3 nanoplatelets at T = 7 K, as
compared to n-type specimens. Our fluence-dependent
data reveal that bimolecular recombination of bulk carri-
ers after optical excitation is a key relaxation process in
insulating TIs. We additionally show the role chemical
potential position plays in both establishing long bulk
carrier decay in bulk-insulating samples and in influenc-
ing the relaxation time of carriers. These findings under-
score the role optically excited bulk carriers play in TIs
prior to migrating to the surface, relevant for interpreting
optoelectronic phenomena.
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